Abstract. Increasing water scarcity has posed a major constraint to sustain food production in many parts of the world. To study the situation at the regional level, we took Iran as an example and analyzed how an intra-country "virtual water trade strategy" (VWTS) may help improve cereal production as well as alleviate the water scarcity problem. This strategy calls, in part, for the adjustment of the structure of cropping pattern (ASCP) and interregional food trade where crop yield and crop water productivity as well as local economic and social conditions are taken into account. We constructed a systematic framework to assess ASCP at the provincial level under various driving forces and constraints. A mixedinteger, multi-objective, linear optimization model was developed and solved by linear programming. Data from 1990-2004 were used to account for yearly fluctuations of water availability and food production. Five scenarios were designed aimed at maximizing the national cereal production while meeting certain levels of wheat self-sufficiency under various water and land constraints in individual provinces. The results show that under the baseline scenario, which assumes a continuation of the existing water use and food policy at the national level, some ASCP scenarios could produce more wheat with less water. Based on different scenarios in ASCP, we calculated that 31% to 100% of the total wheat shortage in the deficit provinces could be supplied by the wheat surplus provinces. As a result, wheat deficit provinces would receive 3.5 billion m 3 to 5.5 billion m 3 of virtual water by importing wheat from surplus provinces.
Introduction
Population growth and industrialization on the one hand and extended drought, environmental concerns, and a possible adverse impact of climate change on the other hand are the major limiting factors on water resources threatening food security in developing countries of arid and semi-arid regions. With no significant room to expand cultivation areas in these regions, increased food demand will have to be met through sustainable agricultural production, which entails improved management of the available resources and development of crop production strategies (Qadir et al., 2007) as well as import from outside (Yang et al., 2006; Allan, 1997) .
Large parts of Iran are characterized as arid and semiarid environment. The country is enduring increasing water scarcity, which has posed a major constraint to the expansion of crop land and food production. Agriculture is by far the largest water user in Iran, accounting for more than 90% of the total water withdrawal. Despite the scarce water resources, wheat self-sufficiency has long been an important national goal, which was temporarily achieved in 2004. However, there is a general doubt about Iran's ability to maintain this level of production amid the mounting water challenges, among other obstacles. In general, the agricultural water use efficiency is low in Iran. The average irrigation and conveyance efficiency is around 36% at the national level. For many provinces, the efficiency can be as low as 15%. Main reasons for low efficiency are improper design of irrigation facilities, poor maintenance, careless operation, negligible water pricing, as well as inefficient division of responsibilities among different agencies (Pazira et al., 1999; Kehsavarz et al., 2005) . Efforts to increase the agricultural water use efficiency have been made through increasing crop water productivity (CWP) at plant and field levels (Ardakanian, 2005) . But this has not so far alleviated the water scarcity problem, as in many areas the situation has been worsening.
Facing the sober challenges, there have been renewed calls and efforts from the government of Iran to improve water resources management and plans to mitigate water scarcity. The long term policies are to invest on water projects, exploit new water resources, and investigate the benefits from adjustment of structure of cropping pattern (ASCP) to deal with the growing water shortages (National Research Council, NRC, 2005 ; The 5th World Water Forum by Iranian Ministry of Energy, 2009). So far, however, bulk of the investment is allocated for harnessing and regulating water resources via construction of dams, water transfer projects, and building irrigation networks (http: //icerik.worldwaterforum5.org/files/ThematicDocuments/ SessionDocuments/18 03 2009/Ayvansaray/). Little effort has so far been made in developing a strategy for ASCP.
Iran currently has 19 million ha of agricultural land, accounting for 12% of the total area of the country. Of the total agricultural land, over 60% is devoted to wheat, 20% to barley, 5% to rice, 2% to maize and the rest of the land is covered by other crops. Cereals are the largest user of irrigation water. Of the total water diverted to irrigate cereal crops, wheat uses more than 70%. This amount of water exceeds the internal renewable blue water resources (IRWR) in many provinces located in central dry regions. Therefore, a large amount of water is extracted from fossil groundwater or water transfer projects to meet the water demand. It was found by Faramarzi et al. (2009) that about 53% of the area under cultivation of wheat in Iran is located in water scarce sub-basins. Of the total wheat production (10.83 million tons) in the country, 4.4 million tons of irrigated wheat and 1.9 million tons of rainfed wheat are produced every year in water scarce regions. This has a significant implication for future agricultural food production.
The virtual water trade (VWT) introduced by Allan (1997) has been seen as one of the ways to improve water use efficiency and to mitigate water scarcity at the regional level through ASCP and interregional food trade (Chapagain et al., 2006; Yang et al., 2006; Liu and Savenije, 2008; Liu et al., 2007) . What we refer to as "virtual water trade strategy" (VWTS) in this paper involves adjustment of the structure of cropping pattern and interregional food trade where crop yield (y) and CWP, national food production objectives, as well as local economic and social conditions are taken into account as discussed in Sect. 2.2.
VWT has so far been mainly studied in the arena of international trade. A set back in developing a clear VWTS internationally has been the exercise of trade sanctions imposed on importing countries at will. This although did not stop VWT, it had the effect of deterring the countries from formulating clear and long-term VWT strategies as an effective policy option for combating local water scarcities. The principles of VWT are also applicable within a country like Iran where there are lesser political barriers in interprovincial trades and significant regional variations in climate, resources and crop production. In such a situation, water resources can be used more efficiently at the national level if crops are produced in the regions/provinces where CWP is large and exported to the regions where CWP is small. However, any change in cropping structure is subject to many factors ranging from natural resources, ecological, socio-economic, and institutional conditions. Hence, there is a need for a systematic framework to support the policy makers in the planning of the structure of regional cropping pattern to meet certain national goals of food production while taking these constraints into consideration. Based on the best of our knowledge, so far such a study has not been seen in the virtual water literature. The current study is a novel step to develop a systematic framework for implementing VWTS in Iran through ASCP.
Improving the water resources management through ASCP can be formulated as a multi-criteria analysis problem and solved by optimization methods. In the literature there are different techniques dealing with multi-criteria analysis problems. Very broadly they can be grouped into two categories: participatory based decision making processes and non-participatory based optimization techniques. The first category includes methods such as: multiple-criteria utility functions (e.g. Prato and Herath, 2007) , analytical hierarchy process (AHP) (e.g. Mau-Crimmins et al., 2005) , and Electre (e.g. Kangas et al., 2002; Figueria and Roy, 2002) . In the second category, the techniques of linear programming (Makowski et al., 2000) , genetic algorithms (Ines et al., 2006) , meta modeling (Mousavi and Shourian, 2010) , and goal programming (Foued and Sameh, 2001; Agha, 2006; Al-Zahrani and Ahmad, 2004; Yang and Abbaspour, 2007) are more widely used. The first category might not be relevant in this study because it is interview-based and calls for direct participations of decision makers and other stakeholders. As our project is large scale with multiple-criteria, the second category would be more suitable to apply. In the second category, goal programming is one of the popular multi-criteria optimization techniques used for water resources management and planning. It provides a way of considering more than one objective function. It sets a specific numeric goal for each objective, and then seeks a solution that maximizes the weighted sum of objectives while taking a set of constraints into consideration.
The current study is an integral part of a larger project aimed to assess the feasibility of applying intra-country VWTS to alleviate water scarcity in a systematic manner. In the first step of the project, the Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) was used to quantify the water resources availability at sub-basin spatial and monthly temporal resolutions in Iran ). In the second step, we modeled the sub-basin based y, evapotranspiration (ET), and CWP in different provinces The likely effects of some policy options concerning field level management were investigated (Faramarzi et al., 2010) . The results suggested that Iran is unlikely to meet its national food objectives by merely implementing measures concerning improving field level management. Biult upon the results of the previous two works, this study assesses the feasibility of applying VWTS as a policy instrument to alleviate regional water scarcity while maintaining certain level of cereal production and self-sufficiency in wheat in Iran.
Against this background, this study intends to address the following questions: (i) how to construct a systematic framework to assess the provincial ASCP and cereal production corresponding to VWTS; (ii) what are the optimum sizes of areas under cereal crops across different provinces to maximize national cereal production, while meeting a certain level of wheat self-sufficiency and water scarcity; (iii) what will be the impact of improved irrigation efficiency on wheat production, cereal production, and water scarcity alleviation; and finally, (iv) what are the implications of ASCP for intra-country virtual water trade and physical water transfers in Iran. The reason for focusing on water in this study is that water scarcity has become a major constraint in many provinces in Iran. The impact of climate change was shown to exasperate the water problems in Iran ). The rapid depletion of water resources in many provinces has posed a threat to the future food production. This means that the trend in water use in these provinces cannot be continued without facing serious ecological and economic consequences. Measures to halt the water resource over-exploitation and depletion have to be sought to prevent the situation to slide over to the point of no return. The reason for focusing on cereal crops, particularly wheat, is because of their strategic importance for food security. Other water management options also exist such as breading crops with higher yield/CWP and wastewater reuse. These should also be considered in developing a national strategy for water resources management, but their consideration is beyond the scope of the present study.
Methodology and data

Study area
Geographically, Iran is located between 25-40 degrees north latitude and 44-63 degrees east longitude with total area of about 1.648 million km 2 . Climatic conditions of Iran are mostly typical of arid and semi-arid regions. Nevertheless, the country has a wide spectrum of climatic, physiographic, edaphic, and hydrological conditions. The country-wide average precipitation is about 252 mm year −1 . The northern and high altitude areas in the west receive about 1600-2000 mm year −1 (NCCO, 2003) , while the central and eastern parts of the country receive less than 120 mm year −1 .
Both spatial and temporal variability of water resources availability is uneven. The central, eastern and southern part of the country experience extreme weather conditions such as drought, hence, having unreliable blue water resources for development of rainfed agriculture and have a high risk of food production in the absence of irrigation. The per capita freshwater availability for the country was estimated at around 2000 m 3 capita −1 year −1 in the year 2000 and expected to go below 1500 m 3 capita −1 year −1 by 2030 due to population growth (Yang et al., 2003) . The spatial distribution, however, shows a large variation across the country. Using the widely-used water stress indicators and taking the 1700 m 3 capita −1 year −1 as the water scarcity threshold, our previous study showed that except western and some northern part, most of the country suffers from severe water scarcity. It was found that 46 million people living on about 59% of the country's area are subject to water scarcity. Winter temperatures of less than −20 • C in high altitude of the country and summer temperatures of more than 50 • C in some areas are recorded (NCCO, 2003) .
Of the total land area of the country, 12% is under cultivation (arable land, orchards and vineyards). About 9 million hectares of this land are irrigated using traditional and modern techniques, around 6.5 million hectares are rainfed, and the rest is fallow every year. Wheat, barley, rice and maize are the country's major cereal crops. Self-sufficiency in wheat production was achieved in 2004. In 2007 Iran exported nearly 600 000 tons of wheat while producing 15 million tons. However, it is reported that 8.5 million tons of wheat estimated to have been imported in 2008/09 because of the drought in 2008 (http://www.pecad. fas.usda.gov/highlights/2009/05/Iran). Iran's total rice production stands at 2.2 million tons year −1 whereas annual consumption is about three million tons (2008) . Iran has long been an importer of rice and it imported about 630 000 tons of rice in 2008.
Historically, Iran was self-sufficient in terms of agricultural products until the 1960s. However, in the 1970s it turned to import food from outside of the country. In 1979 the government of Iran set the national goal for selfsufficiency in foodstuffs. Since then, commercial farming has replaced subsistence farming. High government subsidies for cereal and other staples and expansion of short-term credit and tax exemptions for farmers were provided to promote self-sufficiency. Currently, the agricultural sector accounts for almost 13% of Iran's GDP, 20% of the employed population, 23% of non-oil exports, 82% of domestically consumed foodstuffs and 90% of raw materials used in the food processing industry (Keshavarz et al., 2005; Stads et al., 2008) . 
Multi-criteria analysis framework
Construction of goal function
Use of a multi-criteria approach to ASCP facilitate accounting of the country's diverse agro-climatic, social, and economic conditions. We developed a mixed-integer, multiobjective linear optimization model and solved it by linear programming (LP). Figure 1 illustrates the framework of the ASCP developed in this study. We used the data of 1990-2004 in the LP procedure as the baseline to allow comparison of various scenarios. In this LP procedure, we focused on the constraints concerning water, land, and wheat self-sufficiency. The current LP procedure does not include socio-economic and environmental constraints explicitly, although some of them are partially reflected by the constraints for water, land and national food production. An explicit consideration of social, economic and environmental constraints in determining optimal ASCP will be conducted outside of the LP procedure by assessing the LP results against some of the key factors concerning social equity, economic viability and environmental sustainability (Wiek and Binder, 2005) . Figure 2 summarizes construction of the LP stating the objective function as well as the constraints.
Maximizing the quantity of cereal crops at the national level is used as the main objective in the multi-criteria analysis. Hence, the objective function (Eq. 1) was formulated as the weighted sum of the average of 1990-2004 cereal production in the country, f 1, plus an adjustment factor resulting from the changes in the cropping pattern, f 2 . The weights were chosen so as to equalize the effect of each component on the objective function. To maximize the objective function, the areas under cultivation of cereal crops (barley, maize, rice and wheat) were varied across provinces to meet the constraints presented later in this section. As climate of Iran is quite variable across provinces, there are large differences in the performances of different crops in different parts of the country (Faramarzi et al., 2010) . This performance is usually measured by the quantity of the CWP. This is defined as the amount of y that can be produced by a given amount of water consumptively used in ET. Hence, the provinces with a better performance in the production of a given crop should gain more area for that crop than the provinces with poorer performance. As a large CWP could also be achieved with small y and small ET, we multiplied CWP with y to give more weight to regions with larger y. To determine the relative performance of individual provinces, we constructed the delta indicator as shown in Eq. (4). The index I is the long term (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) average value of the (CWP×y) at the national level. The I value of barley, maize, rice and wheat were calculated to be 1.348, 6.126, 1.202, and 1.551 (ton kg m −3 ha −1 ), respectively. The delta factor, therefore, is an important indicator of the marginal gain due to ASCP; for this reason it was added to the objective function to quantify the impact of the changes in cropping pattern.
Setting up the constraints
Based on historical trend in agricultural area (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) and personal interviews with agricultural experts we concluded that all agricultural areas in most of the provinces are being potentially used and can not be expanded. Even if there were potentials for expansion, these would be mostly in marginal lands located in ecologically fragile areas. The four scenarios investigated later in this paper focus on exploring the possible options to halt the blue water depletion by reducing irrigated areas in water scarce regions/provinces and expanding irrigated areas in water abundant regions/provinces. Reallocation of non-irrigated areas is not directly addressed because reducing green water use in water scarce regions generally does not help alleviate their blue water scarcity. As for the non-cropland areas, it is very difficult to predict how much and where the expansion could be possible in the future. The environmental consequences of expanding crop areas to marginal land further complicate such predictions. In this study, the scenarios are set under the assumption that crop areas will not exceed the historic maximum in each province. With this consideration, we constrained the total area under cultivation of cereal crops to not exceed historic maximums as expressed in Eq. (7).
It should be pointed out that in most parts of Iran the cereal crops are grown with a crop-fallow sequence or in rotation with chickpea or fodder legume crops (Nasiri et al., 2008; Filizadeh et al., 2007) . Therefore the summer cereals (maize and rice) are generally not in rotation with winter cereals (wheat and barley). The total area under cultivation was calculated as the aggregated area of the four cereal crops considered in this study (A h−max,i in Eq. 7).
In practice, it is not realistic to assume that if a province has small value of delta for a given crop, this province should give up all the production for that crop. Likewise, if a province has a high value of delta, it is not realistic to assume that all the cereal land should go for this crop. Hence, the constraint in Eq. (8) was imposed. This constraint ensures that the area change (new area assigned to a crop in a province) is smaller than the historic maximum for that province and larger than the minimum. In the drought years the minimum area is set to zero through the Z binary operator in Eq. (9).
Next, we added a water scarcity constraint. Water scarcity ratio (WSR) is defined as the fraction of the total (blue) water use to the total available (blue) water resources (Alcamo et al., 2007) . The constraint in Eq. (10) is set up in such a way that WSR in each province and in each year does not exceed the historical value except in drought years. In other words, there are some dry years in which WSR can equal a user-defined level of scarcity tolerance expressed as scar tol in Eq. (10). In all, we accounted for irrigation water use of 20 crops. Our study focuses on the four cereal crops and their irrigation water uses were calculated based on the adjusted area of cultivation; hence, they are expressed separately in Eq. (10). For the other 16 crops we used total reported values for every year and province (IRR r ). In this study, we did not consider the possible adjustment of structure of these 16 crops because they are either cash crops and/or non-staple crops with less importance for food security. Lacking information on production costs and benefits as well as the complexity of the cropping systems in cash crops across regions deterred our attempt to implement ASCP for these crops in the optimization procedure. To calculate the irrigation water use of the four cereal crops (IRR k ), we used the consumptive irrigation water use of the crop (ET k ), or blue water consumptive use, which is the SWAT output taken from a previous study (Faramarzi et al., 2010) , and adjusted it for the water use efficiency (WUE) obtained from Dehghani et al. (1999) for each province as expressed in Eq. (11). A further water resources constraint was added Eq. (12) to ensure that in the adjusted cropping structure the long term average water scarcity of a province does not exceed its historic value. In the LP procedure, only irrigated crops and areas were considered. We did not include dryland crops because our focus was on alleviating blue water scarcity. In essence, we assumed a constant structure of dryland crops. Finally, we added the constraint in Eq. (13) to allow wheat production to take place at different self-sufficiency levels through par self suff parameter. The self-sufficiency is measured with respect to the per capita production level (irrigated wheat) of the year 2004 (P 2004 ) where no import was reported. As population increases, the total cereal production required to meet the national self-sufficiency also increases, while the per capita cereal production is constant at the level of 2004.
With the above framework, the model is optimized through 10 parameters. Eight of these parameters deal with area configuration, one with water scarcity limit, and one with the degree of wheat self-sufficiency (Table 1) . Table 2 gives detail information on the data type, source of data, spatial and temporal resolution of the available data, and the time period used in the study. The IRWR is defined as the sum of stream flow and deep aquifer recharge. The IRWR data was modeled at the sub-basin spatial and monthly temporal resolution in our previous study, where the soil water balance equation was the basis of hydrological modeling. The simulated processes include surface runoff, infiltration, evaporation, plant water uptake, lateral flow and percolation to shallow and deep aquifers. The crop yield was modeled while taking the effect of all management stress factors (water, fertilizer, and temperature) and the crop water productivity was estimated by dividing the modeled yield by actual ET. An extensive calibration validation and uncertainty analyses of the SWAT model of Iran were also conducted (Faramarzi et al., , 2010 .
Data compilation and scenario development
The previously developed hydrological model of Iran was re-calibrated and validated for irrigated rice, barley, and maize y for the period of 1990 to 2004 with a similar procedure as described in Faramarzi et al. (2010) for wheat. The outputs of the sub-basin-based model were aggregated to provincial level and were used as an input to the multicriteria analysis model developed in this study for investigating potential crop pattern change in Iran.
Five scenarios were examined using the data of 1990-2004 as a base to assess water and food situation in Iran. These scenarios are described in Table 3 and further discussed in the next section.
Results and discussion
ASCP under different scenarios and its national impact
The optimum parameter values for each scenario are given in Table 1 . Water scarcity parameter imposes a limit on water use in a province. The historic maximum value of water scarcity ratio is calculated to be around 10 for two waterscarce provinces of Ghom and Khorasan. In all scenarios, except S3, the value of WSR improved to less than the historic value. In S1, we initially set the wheat production to the selfsufficiency level but then relaxed this constraint as there were no solutions. This indicates that under the current management situation, it is not possible to reach wheat selfsufficiency. Annual trend of wheat production for all scenarios are illustrated in Fig. 3 . The quantities of cereal production obtained by solving the ASCP optimization problem are 13.3 and 14.2 million tons year −1 in scenarios S1 and S2, respectively, as compared to the historic average amount of 12.5 million tons year −1 on the irrigated land (Table 4 ). The self-sufficiency level based on the per capita production of 2004 was calculated to be 142 kg capita −1 year −1 for irrigated wheat. The average wheat production in the country during 1990-2004 was 24% lesser than the self-sufficiency level. This was improved to 10% and 8% in the S1 and S2, respectively. At the same time, the national WSR decreased from 0.73 (historic value) to 0.72 in S1 and increased to 0.75 in S2. The increase of WSR in S2 was due to the increased water use in water-abundant provinces. (Faramarzi et al., 2010) provincial, annual
Cereal crop water productivity SWAT prediction Crop specific, (CWP) (kg m −3 ) (Faramarzi et al., 2010) provincial, annual
Crop water consumption, ET (Farshi et al., 1997) and SWAT prediction Crop specific, (mm year −1 ) (Faramarzi et al., 2010) provincial Historical water use efficiency (Dehghani et al., 1999) Table 3 . Description of the five scenarios modelled in this study.
Scenarios Conditions Description
S1
Constraints as described in the LP of Continuing the historic trend Fig. 1 with constraints limited by historical values S2 WSR in 10 water abundant provinces Continuing the historic trend allowed to be higher than historic values, while giving flexibility to water up to a maximum of 0.7 (leaving 30% for use in water abundant provinces environmental flow Yuan et al., 2006) for food production
S3
Restrictions on WSR were relaxed in all This scenario is in favour of privinces to produce maximum cereal and of food security. The practice will and wheat at self sufficiency level of course not be sustainable
S4
Cereal crops were not grown in seven This scenario is in favour of water-scarce provinces where WSR>1 , water security. and maximized in others, while limiting WSR to 1 S5 WUE in (Eq. 11) was raised to 70% in all Improved irrigation networks provinces instead of its historic value of and water conveyance systems (15%-36%) is one of the proposed approaches to improve water use efficiency in Iran (NRC, 2005) In S3, production of all four crops increased in most provinces except barley and maize that partially decreased in some northern and southern areas. Without water constraint, on the average, wheat could have been produced at the self-sufficiency level during 1990-2004. In wet years it was slightly above the self-sufficiency level whereas in dry years it was below (Fig. 3 ). However, the high level of cereal production in this scenario could not be sustainable in the long term because the national WSR increased from 0.73 to 0.85. Relaxing the restriction on water use will lead to groundwater over extraction and exhaustion in many provinces in arid and semi-arid regions. This scenario will be exasperated by the impact of climate change as it was shown previously ) that in dry regions groundwater recharge will substantially decrease due to a decrease in higher intensity rainfall events. In S4, the optimal ASCP strongly depended on the WSR. In this scenario, cereal crops were either eliminated or significantly decreased in most parts of the country. Wheat production could only meet 60% of the self-sufficiency level. The national average WSR decreased from 0.73 to 0.58, indicating a significant reduction in the pressure on the country's water resources.
In S5, where all provinces were assumed to increase their irrigation water use efficiency to 70%, wheat and other cereal production were larger than historic levels. Self-sufficiency was also achieved for wheat while WSR decreased from 0.73 to 0.53. These results suggest that improving water use efficiency in irrigation along with restructuring cropping pattern can substantially alleviate the water scarcity situation, while supplying more food at the same time. tates that provinces with better performance for a given crop should in general gain more area for that crop than provinces with poorer performance. Figure 5 (S1 and S2) show this trend for all cereals except wheat. In general, barley, rice, and maize show a decrease in provinces with negative delta and increase in provinces with positive delta. As wheat selfsufficiency is an additional driving force in the LP model, its area was increased in all provinces. In S1, rice is removed or largely decreased in most of the provinces where CWP is small except some northern provinces where CWP of rice is large. For example, we may compare the arid central province of Esfahan with the water abundant northern province of Gilan. Gilan has the long-term average annual y equal to 6.1 ton ha −1 and CWP of 0.31 kg m −3 resulting in a performance value of 1.891. Esfahan has the average y equal to 3.9 ton ha −1 and CWP of 0.57 kg m −3 resulting in a performance value of 2.222. Considering the national performance value for rice (1.202 ton kg m −3 ha −1 ), both provinces have high performances with a positive delta value. As water scarcity (represented by WSR) is a limiting factor in Esfahan province, the LP model sought to reduce the rice production area in Esfahan despite its high performance. A reduction in rice cultivation area in the central and southern provinces will alleviate water scarcity, since the evaporative demand in these areas is extremely high and large amounts of water are required for paddy cultivation. Relaxing WSR in some water abundant provinces (as defined in S2), led to slightly different adjustment in the structure of cropping pattern (Fig. 5) . Rice cultivation was increased in water-abundant provinces. Maize was expanded in most parts of the country with high maize production performance. The area of barley cultivation was slightly increased in some provinces.
ASCP under different scenarios and its provincial impact
Results of S3 show that wheat areas increase in all provinces, resulting from the removal of restrictions on WSR to allow maximum wheat production (Fig. 5) . The area changes of the other cereals are again mostly consistent with VWTS.
In S4, where water sustainability is given a higher priority, the cereal crop areas are decreased in the eastern part of the country, where water scarcity is severe, while wheat production is increased in the western part of the country where water scarcity is not critical (Fig. 5 S4) . Rice and maize production are highly consistent with VWTS, and barley is decreased in most of the provinces.
In S5, water scarcity was found to be less of a limiting factor than in S1 and S2 due to the assumed improvement in the irrigation efficiency. Therefore, the LP model sought to maximize cereal production and to meet wheat at the selfsufficiency level while using less water than S1 and S2. We found a rather similar cropping pattern as S3 in this scenario but with less WSR in individual provinces as well as at the national level (Fig. 5 S5) . Long-term (1990 Long-term ( -2004 average area under cultivation of cereal crops which is historically practiced at different provinces. Figure 6a shows the historic distribution of the internal renewable blue water resources (IRWR). The blue areas show a decrease in water use. Figure 6 shows how the optimized ASCP scenarios would change blue water use relative to the current IRWR. In S1 and S2, most of the wet regions in the west and north of the country and some provinces in the south would use up to 12% more of their blue water resources, while water use in the eastern and central dry provinces would slightly decrease with respect to their IRWR. A reduction in water use by more than 100% implies lesser use of deep fossil groundwater and/or other external sources. S3 would lead to increase in water use by up to 200% of renewable blue water resources in some northern provinces and 0-50% in the dry central and eastern regions. Increasing the water use in regions where water scarcity is already severe will not be sustainable and agricultural production will eventually decrease due to the lack of water and soil erosion such as salinity. Ghom is the only province for which a decrease of water use is predicted in this scenario. As the IRWR of Ghom province is meager, a decrease of 128% in water use will not drastically improve the situation. This scenario shows that under the current practice, achieving long term wheat self-sufficiency is impossible.
Impact of ASCP on WSR in different provinces
In S4, the eastern half of the country and most of the northwestern provinces will decrease water use by up to 600% of their respective IRWR. In many parts of Iran, water supply solely depends on groundwater. During the past two decades, overexploitation of groundwater has caused a water table drawdown in most of the 600 aquifers in Iran (Motagh Fig. 7 . Long-term (1990 Long-term ( -2004 average virtual water exported through wheat trade in provinces where excess wheat is produced (blue) and the amount of water required to produce wheat in the importing provinces (red). In S5, water use is decreased by 25% of IRWR in the central part of the country and up to 100% in the eastern region. Khorasan province located in the north east of Iran is one of the major wheat producers in the country and has a large area under wheat cultivation. Reduction in the water use by up to 100% of the IRWR in this province would have a significant impact on the conservation of water resources in the region and consequently on the availability of water for wheat production in the long run.
Implications of ASCP
Implications of ASCP scenario results for interregional VWTS
We used the provincial data to study the possible interprovincial trade under different ASCP scenarios. Using the provincial population data of 1990-2004 and the wheat selfsufficiency benchmark of 142 kg capita −1 year −1 , we calculated the annual provincial wheat requirement to meet the self-sufficiency level. Furthermore, we calculated deviation of the scenario results from the self-sufficiency level to estimate wheat surplus or deficit in individual provinces. Moreover, we divided the resulted wheat surplus/deficit values by the CWP (kg m −3 ) of wheat in different provinces to obtain virtual water content. In doing so, we calculated the amount of virtual water in the form of wheat trade between surplus and deficit provinces. Figure 7 illustrates the average of these values over 1990-2004 period in different provinces. In all scenarios, we found a large amount of tradable virtual water due to wheat surplus in the provinces of Fars, Khozestan, Khorasan, Golestan, Hamedan, Lorestan, Ghazvin, and Markazi. This virtual water can be exported to provinces with wheat deficit, where large amounts of water would otherwise be needed to produce the same quantity of wheat (shown as red bands). Aggregating these values on the national scale, we found that wheat export from wheat surplus provinces would compensate 89% of wheat deficit in the S1 scenario, 92% in S2, 100% in S3, 31% in S4 and 100% in S5. In total, wheat-deficit provinces would receive 5.5 billion m 3 of virtual water by importing wheat in the S1 scenario, 5.1 billion m 3 in S2, 5.4 billion m 3 in S3, 3.5 billion m 3 in S4 and 5.4 billion m 3 in S5. A similar analysis of the VWT potentials for other cereal crops shows that the intra-country VWT is a valid option to balance water resources between water-abundant and water-scarce provinces. This would be a promising strategy for the country from the point of view of sustainable use of water resources. The reduction of cereal production in importing provinces, however, is also likely to result in lesser income in these provinces. But the water saved due to a larger efficiency in production could be used in higher valued production such as greenhouses and hydroponics, or in more profitable industries. Yet, the VWT strategy has not been implemented in the country. This is mainly because of the former, i.e., real water costs are not reflected in the production prices. In most of the cases, water is still provided free of charge.
Implications of ASCP scenarios for water transfer projects in Iran
ASCP and intra-country VWT could be an alternative for water transfer projects, which are usually costly and environmentally unfriendly and destructive. Table 5 shows the volume of water which is transferred from source to recipient basins through 17 major water transfer projects for agricultural purposes in Iran. As the irrigated agriculture is the largest water user (more than 90%) and wheat is the dominant crop in terms of sown area and water requirement, we assumed that 90% of the water transfer in the multipurpose projects (A, M, I and A, M in Table 5 ) and 100% of the water in A-purpose projects are diverted to irrigate wheat. Ignoring the possible water loss due to transfer from source to recipient basin, we used the volume of water transferred to calculate the amount of wheat which could be produced in the recipient basin. We then calculated the volume of water use if that much wheat would be produced in the source basin. Figure 8 compares the volumes of water use in the recipient basin and in the source basin for the given amount of wheat produced in the two basins. It is seen that out of 17 water transfer projects only six show a higher water use in the source basin to produce a given amount of wheat than the recipient basin. In the rest of the projects the volume of water required in recipient basin is larger than the source basin. This implies that the water is transferred from the areas with higher CWP to the areas with lower CWP. The results here suggest that most of the water transfer projects in Iran may not be efficient from water resources utilization point of view for wheat production.
Limitations of the study and further research
It is important to note that the approaches used in this study do not account for some important factors influencing food trade and decision making of governments and farmers. For instance water quality is an important issue that should be carefully assessed in the analysis of VWTS (Dabrowski at al., 2009) . It has been shown that (Afkhami et al., 2007) water withdrawal and its allocation to agriculture is one of the direct factors adversely affecting water quality of the KarounDez river systems in Iran. Therefore, the environmental impact of agricultural activities in exporting provinces needs more precise assessment in the intra-country VWTS. Other factors such as socio-economy (e.g. social adaptive capacity, unemployment, immigration, social equity, farm income, etc.) and national security considerations (Qadir et al., 2003; Chapagain et al., 2006) are also essential in VWTS studies. In our multi-criteria model, we took water in the centre of ASCP and VWTS analyses and ignored the other factors mostly due to lack of data. But as we build a database, these factors will be addressed in future studies. Another limitation in this study is the uncertainty analysis that we did not address due to a deterministic nature of the optimization procedure used in this work. Accounting for input data uncertainty would be relevant for providing results with more confidence.
Finally, we assessed in this study the intra-country VWTS potentials to improve water and food security using water resources, agricultural, population, and climate data from 1990 to 2004. The impacts of global climate change on water resources availability ) and on irrigated and rainfed cereal crop yields should also be Fig. 8 . Comparison of the volumes of water use in the recipient basin and in the source basin for a given amount of wheat produced in the two basins. The water use in recipient basin is real water transfer and in the source basin is virtual water that could be transferred via wheat export to the recipient basins of major water transfer projects in Iran.
addressed while assessing the feasibility of intra-country VWTS in any country. Furthermore, the current work does not address all aspects of developing a national strategy for water resources management, as we do not consider other water management options such as breading crops with higher yield/CWP and wastewater reuse. We have however, in the present work, laid out a basic framework for a more complete analysis.
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